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Results of modelling of light propagation in 45 ~ self-aligned total internal reflection rib 
waveguide mirrors on InP substrate are compared. Six laboratories participated in the 
comparison with the following six modelling methods: the standard fast-Fourier- 
transform beam propagation method (BPM), the standard finite-difference (FD) BPM 
using the Crank-Nicholson scheme (two laboratories), the FD-BPM with the correction 
for the slowly varying envelope approximation, the method of lines, the eigenmode 
expansion and propagation method, and a simple method based on the field overlap. All 
the laboratories used the effective-index method to reduce the three-dimensional 
problem to two dimensions. The differences among the results obtained by different 
methods are briefly discussed and qualitatively compared to measured values. 
1. Introduction 
Self-aligned waveguide total internal reflection (TIR) mirrors are becoming important building 
blocks of modem photonic integrated circuits (PIC) based on semiconductor substrates. Using 
TIR mirrors, it is possible to realize abrupt changes of the direction of the waveguides without 
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Geometry of the self-aligned waveguide TIR mirror. 
wasting substrate length and/or surface area compared to conventional bends. This property 
would make TIR mirrors indispensable in designing complex PICs with large scale of 
integration if their loss were low enough. It has been shown by several laboratories (HHI Berlin 
[1], AAR Marcoussis [2], ETH Zurich and others) that the reflection loss of 45 ° and 90 ° wave- 
guide mirrors can be as low as a few tenths of a dB per facet. This value has also been con- 
firmed by a recent round-robin test measurement [3] performed within the framework of the 
COST 240 Project 'Techniques of Modelling and Measuring Advanced Photonic Telecommu- 
nication Components'. 
The aim of the work reported here was to compare results of modelling of the TIR rib- 
waveguide mirror by different methods that have recently been developed and are now 
currently used in various research laboratories. The task was to calculate the dependence of 
reflectivity of an InP rib-waveguide TIR mirror on the offset of the reflecting surface from 
the geometric-optical mirror position, for several rib waveguide widths. The calculated 
optimum mirror position and the magnitude of the minimum reflection loss were of special 
interest. The results of calculations are also qualitatively compared to loss values obtained 
experimentally. 
2. Modelling task 
A schematic 'top view' of the modelled waveguide mirror with total internal reflection is shown 
in Fig. 1. The waveguide deflection angle c~ was 45 °. Losses of the fundamental mode of the 
waveguide were to be calculated for several values of the offset s, namely for s -- -0.4w, 
-0 .3w, . . . ,  0.3w, 0.4w, for waveguide widths w --- 4, 5 and 6 #m. 
As seen from Fig. 1, the waveguide is stepwise broadened by x -- 5 #m in the vicinity of the 
mirror plane. This broadening is for purely technological reasons, namely to enlarge the mirror 
edge length in order to ease the mask alignment. From simple geometrical considerations, the 
InP rib nr,b=3.17 ~0.63 #m 
× . . . . . . . . . . . .  .L 0.37 #m 
InGaAsP ~ 0 . 5 5  #m 
InP buffer nb=3.17 ~ 1.0 #m 
InP substrate ns=3.13 
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refractive radices of the layers. 
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l Figure 3 'Effective' waveguide structure used 
in the field overlap (A-MEP) method. 
following expressions can be found for the dimensions y, Ay and z defined in Fig. 1: 
x + w/2 s 
w + x sin(c~/2) z = y + tan(c~/2~ Ay = sin(c~/2) Y = sin o~ 
The transverse structure of the modelled rib waveguide is shown in Fig. 2. It is adapted partly 
from waveguide structures developed in Alcatel Alsthom Recherche in Marcoussis, and on 
ETH Zurich. The refractive indices hown in the figure correspond approximately to the wave- 
length of 1.52 #m. The calculations were to be made for both (quasi) TE and TM polarizations. 
The choice of the modelling method was completely free. 
3. Overview of modelling methods 
All contributors from the participating laboratories decided to reduce the rather complicated 3D 
problem with strongly off-axis propagation and very large refractive-index contrast to a simpler 
2D one by the effective-index method (EIM). Five different 'beam propagation' methods were 
used as modelling tools, namely the classical BPM based on the fast-Fourier-transform 
algorithm (FFT-BPM) [4], the standard FD-BPM method based on paraxial approximation 
and Crank-Nicholson scheme [5] with properly chosen reference refractive index (two 
independent codes), the 'enhanced' FD-BPM including second-order correction for the 
slowly-varying envelope approximation (E-FD-BPM) [6], the BPM algorithm based on the 
method of lines (MoL-BPM) [7], and the unidirectional option of the bidirectional eigenmode 
expansion and propagation method [8] using transverse discretization by the finite-difference 
method (FD-MEP) [9]. Additionally, a method based on the field overlap calculation using 
the analytical MEP (A-MEP) similar to [8] was also used for comparison. The latter method 
takes into account he Goos-H~inchen shift and the offset of the mirror but not the change of 
the modal field distribution by total reflection. Instead of the waveguide structure in Fig. 1, 
this method modelled the 'equivalent waveguide structure' shown in Fig. 3. The 'effective 
shift' s I takes into account he Goos-H~inchen shift by total reflection at the waveguide-air 
interface. For its calculation, the effective refractive index of the mode was taken as the 
refractive index of the optically denser medium. 
The methods used in the test are listed in Table I, together with the laboratories where they 
T A B L E I Methods, participating laboratories, size of discretization steps used, and polarization calculated 
Method Laboratory Step size A x x Az (#m) Polarization 
FFF-BPM AAR Marcoussis 0.125 x 0,125 TE, TM 
FD-BPM IEMN Villeneuve d'Ascq 0.01 × 0.2 TM 
FD-BPM University of Porto 0.01 × 0.05 TE, TM 
E-FD-BPM MESA Uni Twente 0.03 x 0.1 TE 
Mol BPM Fern-Uni Hagen 0.05 x 0.12 TE 
FD-MEP IREE Prague 0.06 × 0.2 TE, TM 
Overlap by A-MEP IREE Prague No discretization TE, TM 
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Figure 4 Sizes of discretization steps used by the 
participating laboratories for the different methods 
(Hagen 4 corresponds to MoL for w = 4/zm). 
were developed. Also shown are the sizes of discretization steps in both transverse and lon- 
gitudinal directions and the polarization for which the calculation was done. The sizes of 
discretization steps are plotted in Fig. 4. In all of the methods but the FFr-BPM, the mode 
field overlap calculation of the power carded by an individual mode of the waveguide is 
implemented, while in the Fb"r-BPM method, the total power propagating in the waveguide 
is calculated by the light intensity integration over the waveguide 'core'. 
4. Results and discussion 
Results corresponding to (quasi) TE modes were available from five of the listed contributing 
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Figure 5 Calculated dependence of the 45 ° 
TIR mirror loss on the position of the reflect- 
ing surface; waveguide width 4#m. TE 
polarization: O, FFT-BPM, AAR Marcous- 
sis; ©, FD-BPM, Uni Porto; ~,  E-FD-BPM, 
MESA Twente; ,~, MoL, Fern-Uni Hagen; 
[7, FD-MEP, IREE Prague; n, overlap inte- 
gral by A-MEP. TM polarization: A, FFT- 
BPM, AAR Marcoussis; O, FD-BPM, IEMN 
Villeneuve; O, FD-BPM, Uni Porto; I I ,  FD- 
MEP, IREE Prague; II, overlap integral by 
A-MEP. 
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Figure 6 Same as in Fig. 5 but for wave- 
guide width 5#m. TE polarization: ~, FFT- 
BPM, PAR Marcoussis; 9 FD-BPM, Uni 
Porto; ~,  E-FD-BPM, MESA Twente; A, 
MoL, Fem-Uni Hagen; r-I, FD-MEP, IREE 
Prague; D, overlap integral by A-MEP. TM 
polarization: A, FFT-BPM, AAR Marcous- 
sis; 0,  FD-BPM, IEMN Villeneuve; 0,  FD- 
BPM, Uni Porto; II, FD-MEP, IREE Prague; 
I ,  overlap integral by A-MEP. 
laboratories by six methods, and four of them also calculated the TM case. The results are 
collected in Figs 5 to 7 for the widths 4 to 6 #m, respectively. 
For the purposes of comparison, the case of w = 4 #m and TE polarization is re-plotted in 
Fig. 8, relative to the losses calculated by the field overlap method (A-MEP in Table I), i.e. 
with subtracted A-MEP values. 
The spread in the results delivered by different methods is quite significant, especially for 
narrower waveguides and TE polarization, but since there is not a priori a known exact result, 
the accuracy of the individual methods cannot be judged reliably. The results of the FFT-BPM 
differ most significantly from all other methods. As this feature is more pronounced for wider 
waveguides that are not purely laterally single-mode (Fig. 7), we tend to the belief that the main 
reason for this large difference lies in the way the power in the waveguide was calculated. The 
lateral (effective) index contrast in the waveguide is very small everywhere except in the mirror 
region. The FD, MoL and MEP methods agree quite well around the loss minimum for 
w = 4 #m. Most methods found the smallest losses for the mirror position close to the optimum 
determined from the mirror reflection with Goos-Hdnchen shift taken into account. (This 
optimum mirror position is very close to the geometric-optical mirror position, with 
s ~ -0.08 #m for TM modes and even less for TE modes, so that in the practical design of 
the mirror this offset can be neglected.) The generally very good agreement of the FD-BPM 
and Mol-BPM methods with the A-MEP method implies that technologically important 
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Figure 7 Same as in Fig. 5 but for wave- 
guide width 6#m. TE polarization: O, FFT- 
BPM, AAR Marcoussis; O, FD-BPM, Uni 
Porto; V ,  E-FD-BPM, MESA Twente; /% 
MoL, Fern-Uni Hagen; I-I, FD-MEP, IREE 
Prague; o, overlap integral by A-MEP. TM 
polarization: A ,  FFT-BPM, AAR Marcous- 
sis; 0 ,  FD-BPM, IEMN Villeneuve; O, FD- 
BPM, Uni Porto; I I ,  FD-MEP, IREE Prague; 
I ,  overlap integral by A-MEP. 
parameters - the optimum position of the mirror plane and the loss behaviour as a function of 
the offset - can be well understood using simple physical considerations. These methods give 
the most consistent results, perhaps because of their small discretization steps (see the last col- 
umn in Table I and Fig. 4). Good applicability of the standard FD-BPM based on the Fresnel 
approximation should not be surprising. In the mirror, the wave energy propagates mostly 
0.5 
0 m 
~ -0.5 E r- 
~5 -1.0 
O 
..J 
-1 ,  
- G .  . . . a  
Oo' j ,  
_,/ xq 
\ 
\ 
Y 
-2.0 . . . .  ' . . . .  ' . . . .  ' . . . .  ' . . . .  J . . . .  ~ . . . .  ~ . . . .  ' 
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 
s/w 
940 
Figure 8 Difference among the 'BPM' 
methods for w = 4 #m and TE polarization, 
with field overlap method (A-MEP) as a 
'reference'. O, FFT-BPM, AAR Marcoussis; 
9  FD-BPM, Uni Porto; ~ ,  E-FD-BPM, 
MESA Twente; ~ ,  MoL, Fern-Uni Hagen; 
[3, FD-MEP, IREE Prague. 
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Figure 9 Averaged experimental losses of 
45 ~ and 90 ~ TIR mirrors on InP rib wave- 
guides 3, 4 and 6/~m wide (adapted from 
[3]). e, TE modes; 9 TM modes. 
inside a narrow angle around :E22.5 ~ that can be well covered by the method if the reference 
refractive index is properly chosen. In contrast, he E-FD-BPM was proven to be insensitive to 
large variations of the reference refractive index. Most methods give a minimum loss value 
slightly less than 0.1 dB. This is in reasonable agreement with measured ata shown in Fig. 
9 if we take into account hat the EIM reduction to a 2D problem generally tends to underes- 
timate the radiation losses, and moreover that scattering losses and nonverticality of the real 
mirrors as additional sources of losses are neglected in the model. 
The losses in Fig. 9 are averaged from results obtained in the round-robin test [3] on InP 
waveguide TIR mirrors of similar structure. 
5. Conc lus ions  
Note first that the comparative calculations clearly confirmed our experience that it is not trivial to 
get reliable results applying even a well-tested and currently used (BPM) modelling method to a 
novel problem. Reflection from a self-aligned waveguide TIR mirror was modelled by six different 
'BPM' techniques and compared to a simple field overlap method. The overlap integral method 
gives valuable insight into the behaviour of the mirror with much less computational effort. A mini- 
mum loss of about 0.1 dB was found by most of the methods for the optimum reflector position of 
the 45 ~ mirror. The optimum position differs only very little from the geometric-optical reflection 
plane and is well predicted by the Goos-H/inchen shift. As all the methods use the ElM reduction of 
the problem to the simpler 'planar' case, the inaccuracy introduced by ElM could not be distin- 
guished. In view of this uncertainty and of unavoidable t chnological imperfections of real mirrors, 
the agreement between measured and calculated values of reflection losses is rather good. It was not 
possible to select unanimously the most reliable method. Instead, it was observed that the devia- 
tions of the results from those obtained by the mode overlap method are attributable to the size 
of the discretization steps used for the calculation rather than to the method itself. From this we 
may conclude that all the methods used in the comparison have the potential to possess results reli- 
ably in the EIM approximation. 
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